The gastric parietal cell secretes large quantities of HCl into the lumen of the gastric gland in response to secretagogues such as histamine. In the membrane recycling hypothesis, this secretory activity requires the trafficking of the gastric H+/K+-ATPase to the cell surface from intracellular tubulovesicles. [2] to explain the apparent recruitment of such large amounts of membrane during the stimulation of parietal cell secretion. This hypothesis attributes the expansion of the canaliculus to the fusion of tubulovesicles in the apical cytoplasm with the canaliculus. The fusion of the tubulovesicles to the canaliculus delivers the H+/K+-ATPase from the intracellular membranes to the cell surface, and the withdrawal of the secretagogue causes the internalization of the H+/K+-ATPase-containing membranes. Berglindh et al. [3] have suggested an alternative hypothesis that does not require membrane fusion. In this hypothesis, the tubulovesicular compartment is confluent with the canaliculus and exists in a supercollapsed state in the resting cell. The expansion of the canaliculus and reduction of the tubulovesicles is due to osmotic bulk flow following the secretion of HCI into the canaliculus. The only requirement for such morphological changes to take place would be the activation of the H+/K+-ATPase. The finding that the transition from resting to stimulated morphology can be induced by incubating parietal cells in hyperosmotic media supports the osmotic flow hypothesis [4] . The major support for the osmotic hypothesis has been mostly morphological in nature. Thus, Pettitt
INTRODUCTION
The secretion of HCI by the gastric parietal cell in response to various secretagogues is associated with profound morphological changes [1, 2] . The five to ten-fold increase in the surface area of the canaliculus at the apical pole of the parietal cell is accompanied by a reduction in the volume of intracellular tubulovesicular membranes [2] . A membrane recycling hypothesis was proposed by Forte [2] to explain the apparent recruitment of such large amounts of membrane during the stimulation of parietal cell secretion. This hypothesis attributes the expansion of the canaliculus to the fusion of tubulovesicles in the apical cytoplasm with the canaliculus. The fusion of the tubulovesicles to the canaliculus delivers the H+/K+-ATPase from the intracellular membranes to the cell surface, and the withdrawal of the secretagogue causes the internalization of the H+/K+-ATPase-containing membranes. Berglindh et al. [3] have suggested an alternative hypothesis that does not require membrane fusion. In this hypothesis, the tubulovesicular compartment is confluent with the canaliculus and exists in a supercollapsed state in the resting cell. The expansion of the canaliculus and reduction of the tubulovesicles is due to osmotic bulk flow following the secretion of HCI into the canaliculus. The only requirement for such morphological changes to take place would be the activation of the H+/K+-ATPase. The finding that the transition from resting to stimulated morphology can be induced by incubating parietal cells in hyperosmotic media supports the osmotic flow hypothesis [4] . The major support for the osmotic hypothesis has been mostly morphological in nature. Thus, Pettitt aTo whom all correspondence should be addressed: James R. Goldenring [6, 7] . This F-actin domain appears to separate the secretory canaliculus from the H+/K+-ATPase-containing tubulovesicles [8] . This distinction is especially well seen in cultured parietal cells, where the secretory canaliculus exists primarily as an intracellular vesicle [8] . Stimulation of the parietal cells with histamine results in the co-localization of H+/K+-ATPase immunostaining with that for F-actin lining the canaliculus [8] . Extensive biochemical data have also accumulated indicating that tubulovesicles and the canaliculus are separate entities. Forte and colleagues [9, 10] have demonstrated that following stimulation H+/K+-ATPase activity redistributes from light parietal cell membranes enriched for tubulovesicles into heavier membrane fractions (socalled stimulus-associated or "SA" vesicles). We have observed a similar redistribution of H+/K+-ATPase immunoreactivity following stimulation of isolated rabbit parietal cells [11] . All of these results have provided both biochemical and morphological support for the membrane recycling hypothesis, but neither the membrane recycling hypothesis nor the osmotic expansion hypothesis has been directly proven.
RAB PROTEINS IN PARIETAL CELLS An important prediction of the membrane recycling hypothesis is that tubulovesicles should possess the appropriate markers of vesicle trafficking to an apically directed compartment. The family of Rab small GTP-binding proteins has been implicated in many aspects of vesicular trafficking along both endocytotic and exocytotic pathways [12] . Thus, particular Rab proteins have been associated with discrete intracellular vesicle populations [ 13] . Importantly, to date, no Rab proteins have been observed in association with plasma membrane compartments. Indeed, in the case of vesicular secretion from zymogen-secreting cells [14] , synaptosomes [15] and adrenal chromaffin cells [16] , Rab3 isoforms appear to dissociate from the vesicle during the process of exocytosis. We have, therefore, sought to determine whether tubulovesicles of parietal cells contain Rab proteins. Our original investigations indicated that a Rab2-immunoreactive protein was associated with tubulovesicles and translocated to heavier membrane fractions in concert with H+/K+-ATPase during stimulation [ 1 1, 17] . However, [a-32P]-GTP overlays of enriched tubulovesicle preparations also demonstrated that at least two other small GTP-binding proteins were associated with tubulovesicles [11] . Therefore, we set out to identitify parietal cell Rab proteins by using a 3'-RACE protocol to clone small GTP-binding proteins based on the conserved WDTAGQE sequence in the Rab GTP-binding site. These studies led to the isolation of a number of clones for small GTP-binding proteins including Rabi, RablO, RabI 1, Rab 14, Ran and a novel protein, Rab25 [18] .
Greater than half of the 3'-RACE clones sequenced coded for RabI 1. We therefore focused our efforts on Rab 1 in parietal cells. We compared the distribution of RabI 1 with that of the H+/K+-ATPase. Figure 1 compares the H+/K+-ATPase immunoreactivity with that for RabI 1 in vesicle fractions prepared from gastric glands by differential centrifugation and sucrose density gradient sedimentation. RabI 1 immunoreactivity co-segregated with H+/K+-ATPase. These studies have now been verified with both polyclonal and specific monoclonal antibodies against RabI 1 [19, 20] . While our initial studies with a polyclonal antiserum indicated that Rabi 1 was enriched in parietal cells [19] , we have now performed higher resolution studies with a specific monoclonal antibody raised against recombinant rabbit Rabl 1 [20] . Figure 2 [21] . When 100,000 Xg membranes from the gastric mucosa of untreated animals are separated on discontinuous sucrose gradients of 20, 27 and 33 percent sucrose, the majority of H+/K+-ATPase is observed in the lessdense vesicles layering above the 20 and 27 percent interfaces. These "less dense" vesicles are characterized as higher resistance vesicles with greater acid pumping ability. In vesicles derived from the mucosa of omeprazole-treated rabbits, there is a redistribution of H+/K+-ATPase into the denser vesicles at 33 percent sucrose interface (Figure 3 ). This redistribution of H+/K+-ATPase is thought to reflect either the recycling of inactive proton pump or the creation of new tubulovesicles to replace inactivated enzyme. We found that omeprazole treatment elicited a redistribution of RabI 1 immunoreactivity similar to that observed for H+/K+-ATPase (Figure 3 ). These data indicate that RabI 1 may be a marker for the targeting or recycling of H+/K+-ATPase-containing tubulovesicles.
CONT OMEP MMM MM M P 22 3 P22 3 rabi 1; Vesicles were isolated from the fundic mucosa of either control rabbits or those treated with omeprazole for five days (P3, 100,0OOg vesicles; M20, 20 [ 17, 19] . While the scope of membrane fusion in parietal cells is particularly impressive, the mechanisms that underlie many aspects of vesicular fusion are well conserved in cells. Thus, recent advances in the studies of intraGolgi transport, neurotransmitter release and temperature-sensitive yeast secretory mutants have surprisingly converged on a common group of proteins involved in vesicle docking and fusion. The first of these proteins to be purified was the N-ethylmaleimide (NEM)b_sensitive fusion protein (NSF) [22] , which restored transport in isolated Golgi membranes treated with the cysteine alkylating agent NEM [23] . The membrane association of NSF is mediated in part by a group of soluble NSF attachment proteins [a-, 5-, y-SNAPs) [24, 25] .
Experiments using brain detergent extracts facilitated the discovery of integral membrane protein receptors for SNAPs or SNAP receptors (SNAREs) [26] . An immobilized complex of SNAPs and NSF stabilized with a non-hydrolyzable analog of ATP [27] was used to affinity purify three previously discovered neuronal membrane proteins and identify them as SNAREs. Syntaxin [28] and vesicle-associated membrane protein (VAMP)/synaptobrevin [29] are integral membrane proteins of the plasma membrane and the synaptic vesicle, respectively. SNAP-25 (synaptosomal associated protein of 25kDa) is palmitoylated on several cysteines and behaves as an integral membrane protein of the plasma membrane [30] . The discovery that cleavage of each of these proteins by a specific clostridial neurotoxin abolishes neurotransmission [31] [32] [33] [34] validated the functional significance of the identification of syntaxin, SNAP-25 and VAMP as SNAREs. Synaptobrevin, syntaxin, and SNAP-25 bind to each other in an SDS resistant 7S complex in detergent extracts of brain membranes [35, 36] . NSF and a-SNAP bind to this core complex to form the 20S fusion particle [35] . Rothman and colleagues have proposed that the vesicle membrane proteins (v-SNAREs) and target membrane proteins (t-SNAREs) selectively bind to each other to facilitate the docking of the vesicle at the appropriate site on the target membrane [35] . The identification of SNARE homologs essential for various steps in the secretory pathway in yeast indicates that the components of the SNAP-SNARE complex are evolutionarily conserved and involved in many stages of the secretory pathway [37] [38] [39] .
Syntaxin and synaptobrevin are now known to be representatives of larger protein families, and some members of these families are expressed in tissues outside of the nervous system [40] [41] [42] . SNAP-25 has also been found in tissues outside the nervous system such as the adrenal medulla [43] . The entire SNARE complex has been isolated from adrenal chromaffin cells [43] . VAMPs are resident proteins of the GluT-4-containing vesicles of adipocytes [44] , and water channel vesicles in the principal cells of the renal medullary collecting duct [45] . Northern analysis of a variety of non-neural tissues demonstrated syntaxins in liver, muscle, spleen and heart [40] . The presence of isoforms of these proteins in a wide variety of nonneural tissues suggests a role for them in many nonneural secretory events.
The preponderance of morphological and biochemical data support the membrane recycling hypothesis of gastric HCI secretion. Furthermore, the mechanism of a wide variety of regulated secretory processes including zymogen granule release, neurotransmitter release and the reversible movement of glucose transporters and water channels appears to require a membrane fusion event. The identification of elements of the SNAP-SNARE fusion complex in all of these systems suggests that a tightly controlled vesicle docking and fusion reaction is involved in all of these secretory processes. We have recently found VAMP-2 immunoreactivity in immunoisolated gastric tubulovesicles [46] , and thus, VAMP-2 may be the parietal cell v-SNARE The presence of a VAMP-2 immunoreactive protein in the gastric H+/K+-ATPasecontaining vesicles indicates that components of the evolutionarily conserved SNARE complex may be involved in HCl secretion by the gastric parietal cell. Rigorous testing of this hypothesis is needed. If VAMP-2 is the putative parietal cell, v-SNARE, the parietal cell t-SNARE, remains to be identified. Perhaps the study of the parietal cell will lead to the discovery of variations on the SNARE complex theme specific to the regulated trafficking of an ATPase.
Finally, while many of the SNAP-SNARE proteins may be shared among vesicle fusion events, some level of specificity must be needed within cells that utilize membrane docking and fusion at multiple intracellular sites. Since Rab proteins appear to be confined to defined vesicle populations within particular cells [13] , it is tempting to suggest that Rab proteins may provide an element of specificity. Furthermore, different cells likely utilize different Rab proteins to regulate the processing of exocytotic vesicles. Thus, while the association of Rab3 family members with synaptic vesicles, zymogen granules and adrenal chromaffin granules is well established, we have been unable to demonstrate the presence of any Rab3 family members in parietal cells (Tang and Goldenring, unpublished observations). In the gastric parietal cell, it appears likely that RabI 1 regulates the vesicular trafficking of the H+/K+-ATPase. Given the apical localization of RabI 1 in a number of epithelial cells, it is likely that Rabl 1 also regulates apical vesicle fusion in other epithelial cells. Future research will be required to elucidate the relationship of Rab 1 with parietal cell SNARE complexes.
